We have studied the consequences of invariant chain (Ii) and DM expression on major histocompatibility complex (MHC) class II function. I1 has a number of discrete functions in the biology of class II, including competitive blocking of peptide binding in the endoplasmic reticulum and enhancing localization in the endocytic compartments. DM is thought to act primarily in endosomes to promote dissociation of the Ii-derived (CL1P) peptide from the class II antigen-bindmg pocket and subsequent peptide loading. In this study, we have evaluated the functional role of Ii and DM by examining their impact on surface expression of epitopes recognized by a large panel o£ aUoreactive T cells. We find most epitopes studied are influenced by both Ii and DM. Most strikingly, we find that surface expression of a significant fraction of peptideclass II complexes is extinguished, rather than enhanced, by DM expression within the APC. The epitopes antagonized by DM do not appear to be specific for CLIP. Finally, we found that DM was also able to extinguish recognition of a defined peptide derived from the internally synthesized H-2L d protein. Thus, rather than primarily serving in the removal of CLIP, DM may have a more generalized function of editing the array of peptides that are presented by class II. This editing can be either positive or negative, suggesting that DM plays a specifying role in the display ofpeptldes presented to CD4 T cells.
I
nvariant chain (Ii) and the newly described DM proteins (H-2M in the mouse, hereafter referred to as DM) are critical for MHC class II-restncted antigen presentation. They function by regulating several key intracellular events in class II biogenesis (reviewed in references [1] [2] [3] [4] . Binding of Ii to class II molecules in the endoplasmic reticulum competitively blocks peptlde binding (5, 6) and facilitates egress into Golgi compartments (7) (8) (9) . Later in biosynthesis, Ii enhances class II localization in endosomal compartments (10) (11) (12) . Here, DM resides and functions in the class II pathway (13) . Cells lacking DM have been shown to be severely compromised in their presentation of exogenous antigens and to have low levels of SDS-stable dimers. Class II molecules isolated from these DM-deficient cells are predominately occupied by the class II-associated Ii peptide (CLIP) 1. Transfection of genes encoding DM corrects these phenotypic characteristics (14) (15) (16) . Most recently, the function of DM has been probed by biochemical means (17) (18) (19) . These studies indicate that coincubation of purified DM and class II molecules leads to greatly enhanced rates of CLIP release and peptide loading. Recent data suggest I Abbrevtatwn used m this paper" CLIP, class lI-assooated h pepnde. that these effects likely involve direct interaction of DM with the class II restriction element (20) .
Despite our increasing appreciation of the mechanism by which DM functions, the functional consequences of its expression within APC are incompletely understood. Unlike the situation in biochemical experiments, in which peptlde, MHC molecule, and DM can be incubated for extended periods of time under carefully regulated conditions, in a live APC the interactions among these molecules and the consequences of thmr interaction will depend only partially on their ability to colocalize. The milieu in which they interact and the time frame of their colocalization will determine the biological effects of their coexpression within an APC. In this study, we have examined the immunologic consequences of Ii and DM expression within APCs and have focused on presentation ofpeptides derived from proteins synthesized within the cell, because these occupy the majority of class II molecules on the APC (21, 22) and because of their importance in T cell development, tumor antigen presentation, and in autoimmunity. Data from our laboratory (23) and others (24) (25) (26) (27) suggest that there may be distinct pathways used for the presentation of exogenous and endogenous antigens (reviewed in reference 28). In the experiments described here, we used a T cell specific for H-2L a presented in the context of I-A d and a large panel of individual alloreactive T cell clones as probes for self-peptide-class II complexes. Our experiments and those of others suggest that the specificity of alloreactive T cells is dictated by the peptides bound by the class II molecule (29, 30) . Our own data suggest that these peptides derive primarily from an endogenous source (29) . The experiments presented here suggest that Ii and DM can profoundly affect the array ofpeptides presented by the class II molecule I-A a. While Ii generally enhances antigen presentation by the class II molecule, we show here the first demonstration that DM can dramatically reduce cell surface expression of particular peptide-class II complexes. Our data shows DM function is not restricted to CLIP removal. Within APC, this protein serves to positively or negatively edit the array of antigenic peptides presented to the immune system.
Materials and Methods
Mice. BALB/c and C57BL/6 females (12-16 weeks of age) were purchased from the Jackson Laboratories (Bar Harbor, ME). B10.GD mice were produced by Blocore (Frederick, Maryland) and were kindly provided by Dr. Jay Berzofsky.
Tissue Culture Reagents. Cells lines were maintained in Dulbecco's MEM supplemented with 5% FCS (HyClone Laboratories, Logan, UT), supplemented as described (23) . Transfectants were supplemented with selection drugs G418 (0.2 mg/rrd) and/or Blastiodm (2 p~g/ml). Media and supplements were purchased from Gibco Laboratories (Grand Island, NY) unless otherwise noted.
Cell Lines and Transfectants. Ltk-cells were transfected by calcium phosphate with I-A d ct and 13 chain cDNAs plus the neomycin resistance gene. MHC class II-posltlVe cells were subcloned and then supertransfected with the genes encoding murlne gli, provided by Dr. Jim Miller (University of Chlcago) or mufine DM o~ and [3 chain cDNA genes, kindly provided by Dr. John Monaco (University of Cincinnati). The cDNA constructs were cloned into the SV40 based vector pcEXV-3. Secondary transfection and drug selection was done using the pSV2bsr2 gene (31) and the antibiotic blasticldln (ICN, Costa Mesa, CA). Transfected cells were stained for class II expression every 3-6 weeks durmg this analysis, and typically varied less than twofold m cell surface density of class II molecules.
mAbs and bnmunofluorescence Staining. Hybrldomas producing the mAbs M5114 and MKD6 were obtained from ATCC. Cell lines were stained in a two-step procedure, previously described (32) , and analyzed on a FACScan ® cytofluorimeter (Becton Dickinson, Mountain View, CA).
T Cell Hybridomas. Alloreactlve Ad-restricted T cell hybndomas were prepared from C57BL/6 mice primed with BALB/c spleen cells, as previously described (29) . In brief, T cells from primed animals were restimulated in vitro with irradiated BALB/c spleen cells and then fused with the T cell receptor cx13 negative variant of BW5147. Hybridomas were subcloned by limiting ddunon and selected by growth in HAT medium and for reactivity on BALB/c spleen. Spleen-reactive T cells were then analyzed for A a reactivity using L cell transfectants or B10.GD (A a+, E a-) spleen. The BC7 hybridoma, which is specific for the L d pepude 61-85 presented in the context of I-A d, has previously been described (23) .
T Cell Hybridoma Assays. APCs were removed from selective drug for 48 h and plated in 200 Ixl m flat-bottomed 96-well plates at 5 × 104 cells/well with 5 X 104 T cells. After coculture for 16-20 h, supernatant was tested for IL-2, using either an ELISA assay or by measuring proliferatmn of CTLL with munne IL-2 used as a control. Results are scored as picograms per mdlihter of IL-2.
Western Blot Analysis. Class II molecules isolated from the L cell transfectants by immunopreclpitation with MKD6-protein A-Sepharose were eluted in 1.0% SDS, 10% glycerol, and 0.0625 M Trls, pH 6.8, at RT for 30 min, and one-half was boiled for 5 mm at 100°C while the other remained at room temperature. Proteins were then fractlonated by SDS-10%-PAGE and were transferred onto mtrocellulose membranes and analyzed by Western blotting as we have previously described (33) .
Results and Discussion
To examine the functional consequences of Ii and DM expression within APC, we used a murine transfectlon model in which the original recipient cell was negative for expression ofIi, DM, and class II molecules, but that would interact productively with T cells upon expression of the class II restriction dement. In previous expenments (29), we tested a panel of such APCs and found that of the murine cell lines tested, Ltk cells were able to activate antigenspecific T cells most effectively, with an efficiency close to that displayed by a lymphoblastoid B cell line. These Ltkcells lack detectable expression of Ii and did not express any DM u chain mRNA, although a small amount of the [3 chain mILNA is made. Studies involving mutant human cells have shown that the single chains do not yield functional DM (14, 15) . Thus, the Ltk-cells were chosen as a transfection recipient. Cells were sequentially transfected with genes encoding murine class II, murine Ii, and/or routine DM oL and [3 chains using two different dominant selectable markers. (Fig. 1 A) . Ii expression was measured by Western blotting (/3) and DM expression was measured by PCR amplification ofDM oL and DM 13 cDNA (C). Our experiments indicate that cell surface expression of class II molecules is comparable among the transfectants, and that cells transfected with genes encoding Ii and DM in addition to A a express similar levels of these protein cofactors.
An analysis of the effects of Ii and DM on SDS-stable dimer expression, which reflects stable peptide binding to class II molecules (34~36), is shown in Fig. 2 . These experiments revealed that neither Ii nor DM alone has any significant effect on the ability of I-A d to form SDS-stable dimers. When expressed together, they allow a significant fraction of class II molecules within the fibroblast line to stably bind peptide. The ability of DM to facilitate conversion of I-A ° to an SDS-stable form in the presence of Ii is associated with removal of CLIP (data not shown). The primary biochemical effect of h detected in our system is an increase in the relative abundance of mature class II mole- (17) (18) (19) . W e sought to determine whether the T cells whose recognition requires Ii and are antagonized by D M are specific for CLIP. To examine this, we attempted to stimulate T cells with I-Ad-positive APCs cultured w~th high concentrations of synthetic peptides corresponding to the CLIP segment. T w o forms of the CLIP peptide were tested: a peptide corresponding to amino acids 86--102, a sequence identical to the major CLIP segment isolated from I-A d in normal B cell lines (22) ; and a longer CLIP peptide, corresponding to amino acads 81-105, a sequence that is analogous to the h u m a n CLIP isolated from DM-negative cells (41, 42) . A a cells were incubated with 100 ~M CLIP peptide and tested for their ability to stimulate T cells of group B. Fig. 4 shows that there was no gain in reactivity by the presence of the CLIP peptide in culture. These data support the idea that the alloreactive T cells are not specific for CLIP but rather a self peptide whose association with class II, like CLIP, xs diminished by D M . This hypothesis is strengthened by our findings that DM-antagonized T cells react with spleen cells from Ii-negative mice (data not shown) and is consistent with the observations made with the DM-deficient mice, which show that CLIP-class II is not stimulatory for alloreactive T cells (43) .
To extend these studies to a T cell whose specificity is known, we tested a T cell hybridoma that is specific for an La-derived peptide (amino acids 61-85) presented in the context o f A a. Previous studies by our laboratory have documented many characteristics of this presentation event (23) . Cells expressing [Ad + Ii] or [Ad + Ii + DM] were supertransfected with the gene encoding H-2L d and then tested for their ability to stimulate the Ad-restricted Ld-specific T cell BC7. Like the alloreactive T ceils in group B and E, the epitope recognized by BC7 was dlmimshed dramatically by the presence of D M within the APC (Fig. 5) .
T h e studies presented in this paper point to the model in which both Ii and D M can act as either positive or negatwe regulators of expression of self-peptides in association with the class II molecule. A namor fraction o f T cells react optimally in the absence of both cofactors, and lose reactwity w h e n either one or both are expressed. It is likely that these peptides bind to the class II molecule in the endoplasm]c reticulum, where Ii has been shown to compete for antigenic peptide binding (5) . Like Ii, D M might act an this compartment to remove such a peptide or might act later, within the low pH milieu of the endosomes. O f particular note in this regard is the recent observation by Jensen and coworkers suggesting that I-A a may be unusually labile at mildly acidic p H (44) . This property may reflect a structural feature in this class II molecule that contributes to relatively high sensitivity to the DM-mediated effects. Finally, our studies raise the interesting question of how DM-antagonized T cells were generated in response to a stimulator cell population that has the genetic capacity to express DM. W e can envision at least two possibilities. 
